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Introduction
Parkinson's disease (PD) is characterized by motor impairment and cognitive decline. Transcranial alternating current stimulation (tACS) is a user-friendly, portable technique, which can modulate cortical activity (Helfrich et al., 2014; Del Felice et al., 2015) . TACS provides a low-intensity alternating current with a sinusoidal pattern applied to the scalp. This oscillatory stimulation paradigm is distinct from transcranial direct current stimulation, which is a continuous non-oscillatory current trialed in PD with no clear-cut beneficial motor effects (Elsner et al., 2016) .
TACS forces the membrane potential to oscillate away from its resting potential towards slightly more depolarized or hyperpolarized states; during the depolarization state, neurons are more likely to fire in response to other neuronsa mechanism called "stochastic resonance" (McDonnell and
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Abbott, 2009). The eventual effect is that of an increase of neuronal firing time-locked to the frequency of stimulation, defined entrainment. This effect seems more pronounced when an external oscillation matches that of the brain area. TACS therefore exerts a modulatory but nondominant influence.
We tested the hypothesis that a non-invasive stimulation, though potentially different from the natural oscillations of the target brain region, could modulate neuronal networks and shift oscillations into a physiological range. We recorded cerebral activity with electroencephalography (EEG) on an individual basis to tailor the stimulation. Theta-tACS was applied if fast frequencies showed a higher spectral frequency power and beta-tACS if slow frequencies showed higher spectral frequency power over the area of major power representation. An active sham [random noise stimulation (RNS)] was used as suggested by a recent consensus statement (Thut et al., 2017).
An ad hoc physical rehabilitation program was associated and electroencephalographic and behavioural correlates were recorded at baseline, after treatment and at 1-month follow-up to test treatment after-effects. A sample size of 15 yields a power greater than 99% to detect a mean of paired differences (Unified Parkinson's Disease Rating Scale-motor [UPDRS] pre-and post-stimulation score difference) of 10 points with significance level of 0.05 using a two-sided paired t-test.
Materials and Methods
Participants
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Motor and neuropsychological evaluations
Motor impairment was measured by the same trained physician experienced with UPDRS, blinded to treatment arm, in an off state. Gait Dynamic Index (GDI) was used to assess gait.
Neuropsychological tests (frontal-executive functions, memory and mood) were administered and scored by a neuropsychologist blinded to the treatment group. Tests are listed in Table1.
At each time-point parallel versions were used to overcome the risk of learning effects.
Presentation order of cognitive tasks was randomized to contrast sequencing biases. For detailed description see Appendix B. 
EEG data acquisition and analysis
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Data were processed in Matlab (MathWorks, Natick, MA) using scripts based on EEGLAB toolbox (Delorme and Makeig, 2004) and dedicated custom-made code ( Fig. 1 ). EEG recordings were down-sampled at 500 Hz and band-pass filtered 1-30 Hz. Visible artifacts (i.e., eyes movements, cardiac activity, scalp muscle contraction) were removed using an independent component analysis; data were processed using an common average reference. A fast Fourier transform (FFT) was applied to non-overlapping epochs of 2 s and averaged across epochs. The recordings were Hamming-windowed to control for spectral leakage.
Power spectral density (μV 2 /Hz) was estimated for all frequencies and the relative power 
where x is the EEG channel, P is the power spectral density, b1 and b2 are the frequencies in the range of interest: b1=1, b2=4 for delta; b1=4.5, b2=7.5 for theta; b1=8, b2=10 for alpha1; b1=10.5, b2=12.5 for alpha2¸ b1=13, b2=30 for beta. 
Study design, outcomes, stimulation parameters, and tACS treatment
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The design was a cross over, double-blinded, randomized trial. Block randomization was generated by a computer (allocation ratio 1:4). The template for intervention description and replication (TIDieR) checklist was used (Appendix C). Recruitment started in May 2016; follow up was completed in September 2017.
Primary outcome was a reduction of 30% of UPDRS III off-medication score. This proportion was derived from the 10.8 reduction in score considered to be a large clinical difference in PD trials, considering a mean UPDRS III score of around 30 for the sample population.
Proportion of people with PD displaying an excess of beta band activity was the primary outcome of the assessment phase. Secondary outcomes were modifications of frequencies of oscillatory brain activity, measured as spectral power modifications, and improvement of behavioural tests after tACS.
EEG acquisition and clinical assessments were performed before (T0) and immediately after stimulation (T1), and at 4-weeks follow-up (T2) (Fig. 2 ). The experiment consisted of two-weeks (5 days a week) sessions of tACS (real condition) or transcranial random noise stimulation (tRNS) (active sham condition). Stimulation sessions lasted 30 minutes. TACS and RNS arms were separated by an 8-week period. Each stimulation session was immediately followed by a one-hour physiotherapy session (see Table 2 for protocol).
Stimulation was applied by a battery driven external stimulator (BrainStim, E.M.S., Bologna, Italy) via two sponge electrodes (5x7 cm). Stimulation frequency was set according to the EEG band displaying higher relative power spectra (with beta excess on EEG map, tACS was set at 4Hz; with theta excess, tACS was set at 30Hz). Anode Electrodes was were positioned respectively over the scalp area in which the power spectral difference was detected and , with cathode placed over the ipsilateral mastoid (see Figure 3 for explicative cases). Intensity was 1 to 2 mA (sinusoidal current minimum/maximum). RNS was an alternate current with random amplitude and frequency (1-2 mA; 0-100 Hz) with electrodes applied over the same sites as for real stimulation.
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Statistical Analysis
Region of interests (ROIs) were identified based on electrodes location: right (R) frontal ROI: Fp2, F8, F4; right motor ROI: FC2, FC6, C4, Cp2; right parietal ROI: CP6, P8, P4 and same for left (L)
hemisphere.
For each frequency band, a linear model with random effects was employed to investigate the effects of treatment, time and ROI on the frequency. After multivariate analysis, Wilcoxon signed-rank tests for paired data were performed to test the difference in relative power average for each ROI in participants when treated with tACS and RNS and the difference in relative power average and behavioral parameters (motor and cognitive) at T1 or T2, with respect to T0.
Statistical analysis was applied to both subgroups (created on the basis of their prevalent EEG rhythm: theta-tACS group stimulated in theta and beta-tACS group stimulated in beta). The dimension of the subgroup with prevalent slow rhythm (beta-tACS) allowed only the application of the non-parametric Wilcoxon signed-rank test.
The same statistical analysis was performed also for cognitive and motor variables for accounting for treatment and time simultaneously.
Results
Twenty subjects were enrolled out of 29 potential candidates. See Figure 4 for flow diagram.
Fifteen subjects completed the study (9M; mean age 69 ± 6.3 years; mean disease duration 6.3 ± 4.8 years; mean L-dopa dose 528.5± 290 mg). For demographics, see Table 3 . PD participants were slightly older than controls (p < 0.01) but did not differ for other demographic variables (sex, years of education).
Ten participants showed a prevalence of beta rhythm and were stimulated in theta frequency (theta-tACS group). Five had a prevalent slow rhythm and were stimulated in beta (beta-tACS
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group) (statistical significance at p < 0.001) ( Table 4 ). None among participants showed a concomitant beta and theta excess on statistical maps.
Multivariate analysis in the group stimulated in theta showed main effect for factor "ROI" (p < 0.0001) in delta; "treatment" (p = 0.0001), "time" (p = 0.0006) and "ROI" (p = 0.002) in theta;
"treatment" and "ROI" (p < 0.0001) in alpha1; "time" (p = 0.0002) and "ROI" (p < 0.0001) in alpha2; "treatment" (p < 0.0001), "ROI" (p < 0.0001) and "time" (p = 0.012) in beta.
No significant differences were found in delta and alpha1 bands. A theta power increase at T1 after theta-tACS was detected over L-frontal area (p = 0.0027) and L-SM (p = 0.037), compared to RNS. A power increase was observed in alpha2 after theta tACS at T1 vs. T0 over R-SM (p = 0.004) and over L-parietal area (p = 0.010); an increase at T2 vs. T0 was detected over the same areas (R-SM: p = 0.002, left parietal area: p = 0.027). Main results include a reduction of beta rhythm in theta-tACS vs. RNS group at T1 over R-SM (p = 0.014) and L-parietal area (p = 0.010) and at T2 over R-SM (p = 0.004) and L-frontal area (p = 0.039)] ( Figure 3 ). In theta-tACS group beta rhythm reduction over R-SM persisted at T2 (p=0.049).
Functional tests showed an effect on motor performance for factor "time" (p = 0.0009).
Mean UPDRS III score change for the whole group after tACS was -5.9 point from T0 toT1 (mean reduction of 17% of baseline) and -4.82 from T0 toT2 (mean reduction of 14% of baseline). In the subgroup with beta excess mean reduction was -8.25 points from T0 toT1 (mean reduction of 23.5% of baseline) and -5.6 from T0 toT2 (mean reduction of 15.3% of baseline). Bradykinesia items improved at T1 (p = 0.002) and T2 (p = 0.047) compared to T0 in the theta-tACS group.
Cognitive tests showed an effect in factor "time" for MoCA (p = 0.029) and TMT_B (p = 0.041). MoCA improved at T2 between theta-tACS and RNS (p = 0.046). In the theta-tACS group MOCA improved at T2 vs. T1 (p = 0.049).
Complete motor and neuropsychological results are reported in Table 5 and 6 respectively.
Beta-tACS did not yield significant results.
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Discussion
TACS delivered with a personalized paradigm associated with ad hoc rehabilitative treatment in people with PD can correct excessive fast cerebral oscillations and improve bradikynesia and cognitive functions.
Our experiment sets out to provide a personalized approach for neurostimulation. The change of paradigm into which medicine is incurring needs to be translated into neurophysiology and neurostimulation. Current neurostimulation designs have up to now targeted cerebral areas, which were hypothesized to play a role in the pathology, but individual mapping has not been a prerequisite.
Excess of beta band in PD has been related to motor symptoms (Brittain and Brown, 2014);
the degree of beta suppression correlates with the change in UPDRS-III scores (Oswal et al., 2016) .
Our population showed a prevalence of beta rhythm and a subgroup displayed a prevalence of theta power. This is in line with reports in PD of an EEG slowing, possibly related to cognitive Our aim was to interfere with pathological oscillations and shift oscillatory brain activity into its physiological range. Although the neurophysiological and theoretical framework of rhythmic NIBS entrainment supports the view of an oscillatory substrate for modulation to take effect, we tested the hypothesis that brain rhythms could indeed be shifted into their natural oscillatory range.
Interestingly, only theta stimulation applied mainly over the SM area modified both neurophysiological and behavioral parameters. EEG frequencies showed a slowing associated with a reduction of bradykinesia score and an improvement of cognitive functions.
We do not have a clear explanation for this finding. PD is generally known as a beta oscillopathy; slow rhythms are associated with cognitive decline and considered a prognostic marker of it (Olde et al., 2013). One hypothesis is that beta excess could be more easily correct because it oscillates in an encircled circuitthalamo-cortico-basal network. Slow rhythms,
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A Association of physical therapy to tACS has a dual aim: exercise activates cortical sensori-motor areas, priming the neuronal population. TACS may also be useful in amplifying cortical plasticity during neurorehabilitation (Block and Celnik, 2012) .
Motor outcome improved immediately after the conclusion of real stimulation. The study protocol set a very conservative cut-off (30% reduction from baseline). This result was not obtained but we are confident in supporting the efficacy of intervention. The MCID for UPDRS III is set at 2.5 points for minimal, 5.2 for moderate, and 10.8 for large differences (Shulman et al., 2010). Our population showed an overall reduction of 5.9 points and a reduction of 8.25 points in the subgroup with beta spectral power excess EEG. These results account for a moderate effect, despite a reduction of 17-23.5% of baseline score instead of the 30% defined by the protocol.
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We observed a specific reduction of the bradykinesia UPDRSIII sub-items with almost no effect on gait and posture. This finding supports the causal link of beta band excess and bradikynesia with a mechanism, which mimics deep brain stimulation effects on axial impairmenti.e. scarce efficacy.
We found an improvement of cognitive abilities (prefrontal-executive) at follow-up. This finding may be attributed to increased neuronal plasticity that may make treatment benefits on cognition more evident later in time (Reato et al., 2013) . The time interval between end-oftreatment and follow-up represents a precious period for the consolidation.
We used parallel versions of tests to overcome any learning effect in repeated test.
The main limitation is the small sample size. To overcome this issue large, multicentre studies are mandatory. In fact, we did not consider age difference between PD participants and controls a main limitation. In light of the known slight slowing of EEG rhythms in the elderly, with a shift of beta to alpha rhythm and a projection of alpha towards more anterior regions, we deemed this finding not relevant for data interpretation. Indeed, PD shows an increase of the relative beta power (i.e. the beta absolute power divided by the power calculated in the whole spectrum) compared to healthy volunteers: considering that we would expect a slight slowing of faster EEG rhythms in the elderly, our finding of a beta excess over sensorimotor areas is all but more significant.
A potential bias could have been concomitant drug therapy, affecting stimulation effects, although dosage of any group was maintained stable to avoid confounders. Intra-subject data comparison reduced this bias.
Conclusion
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These data provide evidence of the efficacy of personalized tACS coupled with physical therapy on motor and cognitive symptoms in PD. Long term efficacy and different schedules need to be investigated to determine the real feasibility of tACS as an add-on home therapy.
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Appendix B: Neuropsychological testing
The Edinburgh Handedness Inventory (Oldfield 1971) is an interview about the preferred use of hands, feet, eyes and ears (32 items). Individuals with Edinburgh scores between -69 and +69 were considered "mixed-handed" and those with scores higher than +69 were considered "fully right- The Hopkins Verbal Learning Test-Revised (Brandt, 1981) is a test that assesses verbal learning and memory. The test consists of three trials of free-recall of a 12-item composed of four words belonging to three different semantic categories. The authors provide six parallel forms leading to equivalent results in the normal population. We used three lists (N 1, 5, and 6) and considered only the free-recall as outcome measure. Appendix C: Template for intervention description and replication (TIDieR) A C C E P T E D M A N U S C R I P T 
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Activities
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Highlights  Personalized tACS protocols improve motor and cognitive performance in PD.
 Among motor items, bradykinesia improved most.
 Fast cortical oscillations decreased after tACS. 
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